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Nanomechanics of carbon nanotubes and composites

Deepak Srivastava and Chenyu Wei
Computational Nanotechnology, NASA Ames Research Center, Moffett Field, California 94035-1000;
deepak@nas.nasa.gov

Kyeongjae Cho
Department of Mechanical Engineering, Stanford University, Stanford, California 93045

Computer simulation and modeling results for the nanomechanics of carbon nanotubes and
carbon nanotube-polyethylene composite materials are described and compared with experi-
mental observations. Young’s modulus of individual single-wall nanotubes is found to be in
the range of 1 TPa within the elastic limit. At room temperature and experimentally realizable
strain rates, the tubes typically yield at about 5–10% axial strain; bending and torsional stiff-
ness and different mechanisms of plastic yielding of individual single-wall nanotubes are dis-
cussed in detail. For nanotube-polyethylene composites, we find that thermal expansion and
diffusion coefficients increase significantly, over their bulk polyethylene values, above glass
transition temperature, and Young’s modulus of the composite is found to increase through
van der Waals interaction. This review article cites 54 references.@DOI: 10.1115/1.1538625#

1 INTRODUCTION

Since the discovery of multi-wall carbon nanotubes in 1991
by Iijima @1#, and subsequent synthesis of single-wall carbon
nanotubes by others@2,3# there are numerous experimental
and theoretical studies of their electronic, chemical, and me-
chanical properties. Chemical stability, diverse electronic
properties~ranging from 1eV band gap semiconductors to
metals!, and predicted extreme strength of the nanotubes
have placed them as fundamental building blocks in the rap-
idly growing field of nanotechnology. Diverse nanoscale de-
vice concepts have been proposed to develop nanoscale elec-
tronic devices, chemical sensors, and also high strength
nanotube composite materials with sensing and actuating ca-
pacity. To realize the proposed devices and materials con-
cepts, it is crucial to gain detailed understanding on the fun-
damental limits of nanotubes’ diverse properties. Atomistic
simulations are a very promising approach to achieve this
goal since one can investigate a large range of possibilities
which are often very difficult to access through experimental
studies. The insights and detailed mechanistic understanding
provide valuable guiding principles to optimize and develop
novel nanoscale devices and materials concepts.

In this review article, we focus our discussion on the me-
chanical properties of carbon nanotubes in the context of
high-strength nanotube composite materials. For this pur-
pose, it is crucial to gain a detailed understanding of the
nanotubes’ intrinsic mechanical properties, as well as their
interaction with the polymer matrix in nanotube-polymer
composite materials. First, we will examine the elastic and

failure properties of nanotubes to understand their fundam
tal strength and stiffness behavior. Initial atomistic simu
tions of nanotube mechanics have predicted unusually la
Young’s moduli ~of up to 5TPa or 5 times larger than th
modulus of diamond! and elastic limits~of up to 20–30%
strain before failure!. These predictions immediately raise
the intriguing possibility of applying the nanotubes as su
strong reinforcing fibers with orders of magnitude high
strength and stiffness than any other known material. Sub
quently, more accurate simulations employing tight-bindi
molecular dynamics methods andab-initio density functional
total energy calculations involving realistic strain rate, te
perature dependence, and nanotube sizes have provided
realistic values of 1TPa as Young’s modulus and 5–1
elastic limit of the strain before failure. These values pred
50 GPa as the nanotube strength, in good agreement
recent experimental observations. Second, we will exam
the mechanical properties of nanotube-polymer compo
materials to understand the mechanisms of mechanical
transfer between a polymer matrix and embedded nanotu
This research area is rapidly moving forward with exciti
possibilities of designing and developing very small stru
tures~eg, MEMS devices! with tailored mechanical proper
ties. Near-term practical applications of nanotubes are
pected to emerge from the composite materials, as they
not require a precise control of nanotube positioning for
vice applications. For the future development of sm
nanotube-polymer composite materials, computational m
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eling will play a catalytic role in facilitating and acceleratin
the design and fabrication of composite materials with se
ing, actuation, and self-healing capabilities.

2 CARBON NANOTUBES:
STRUCTURE AND PROPERTIES

A single-wall carbon nanotube~SWNT! is best described a
a rolled-up tubular shell of graphene sheet@Fig. 1a# @4,5#.
The body of the tubular shell is mainly made of hexago
rings ~in a sheet! of carbon atoms, where as the ends a
capped by a dome-shaped half-fullerene molecules.
natural curvature in the sidewalls is due to the rolling of t
sheet into the tubular structure, whereas the curvature in
end caps is due to the presence of topological~pentagonal
ring! defects in the otherwise hexagonal structure of the
derlying lattice. The role of the pentagonal ring defect is
give a positive~convex! curvature to the surface, which help
in closing of the tube at the two ends. A multi-wall nanotu
~MWNT! is a rolled-up stack of graphene sheets into c
centric SWNTs, with the ends again either capped by h
fullerenes or kept open. A nomenclature~n,m! used to iden-
tify each single-wall nanotube, in the literature, refers
integer indices of two graphene unit lattice vectors cor
sponding to the chiral vector of a nanotube@4#. Chiral vec-
tors determine the directions along which the graph
sheets are rolled to form tubular shell structures and perp
er-
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dicular to the tube axis vectors, as explained in Ref.@4#. The
nanotubes of type~n, n!, as shown in Fig. 1b, are commonly
called armchair nanotubes because of the\ / \ / shape,
perpendicular to the tube axis, and have a symmetry al
the axis with a short unit cell~0.25 nm! that can be repeate
to make the entire section of a long nanotube. Other na
tubes of type~n, 0! are known as zigzag nanotubes~Fig. 1c!
because of the /\/\/ shape perpendicular to the axis, and a
have a short unit cell~0.43 nm! along the axis. All the re-
maining nanotubes are known as chiral or helical nanotu
and have longer unit cell sizes along the tube axis. Detail
the symmetry properties of the nanotubes of different chir
ties are explained in detail in Refs.@4# and @5#.

The single- and multi-wall nanotubes are interesti
nanoscale materials for the following four reasons:
1! Single- and multi-wall nanotubes have very good elas

mechanical properties because the two-dimensional~2D!
arrangement of carbon atoms in a graphene sheet al
large out-of-plane distortions, while the strength
carbon-carbon in-plane bonds keeps the graphene s
exceptionally strong against any in-plane distortion
fracture. These structural and material characteristics
nanotubes point towards their possible use in making n
generation of extremely lightweight, but highly elasti
and very strong composite materials.

2! A single-wall nanotube can be either conducting or se
conducting, depending on its chiral vector~n, m!, where n
and m are two integers. The rule is that when the diff
ence n-m is a multiple of three, a conducting nanotube
obtained. If the difference is not a multiple of three,
semiconducting nanotube is obtained. In addition, it
also possible to connect nanotubes with different chir
ties creating nanotube hetero-junctions, which can form
variety of nanoscale molecular electronic device com
nents.

3! Nanotubes, by structure, are high aspect-ratio obje
with good electronic and mechanical properties. Con
quently, the applications of nanotubes in field-emiss
displays or scanning probe microscopic tips for met
logical purposes, have started to materialize even in
commercial sector.

4! Since nanotubes are hollow, tubular, caged molecu
they have been proposed as lightweight large surface
packing material for gas-storage and hydrocarbon f
storage devices, and gas or liquid filtration devices,
well as nanoscale containers for molecular drug-deliv
and casting structures for making nanowires and na
capsulates.

A broad interest in nanotubes derives from the possib
ties of a variety of applications in all of the above four tec
nologically interesting areas. In this review, we mainly foc
on the exceptionally stiff and strong mechanical propert
that can be used for making future generation of lightwei
structural composite materials. The other three interes
electrical, surface area, and aspect-ratio characteristics c
be used to impart specific functional behavior to the th
prepared composite materials.

ers
g

Fig. 1 a) A graphene sheet made of C atoms placed at the cor
of hexagons forming the lattice with arrows AA and ZZ denotin
the rolling direction of the sheet to makeb) an ~5,5! armchair and
~c! a ~10,0! zigzag nanotubes, respectively.
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3 SIMULATION TECHNIQUES

In earlier days, the structural, mechanical, and thermal pr
erties of interacting, bulk condensed matter systems w
studied with analytical approximation methods for infin
systems. Numerical computer simulations of the fin
sample systems have become more common recently
cause powerful computers to simulate nanoscale system
full complexity are readily available. Atomistic molecula
dynamics~MD! refers most commonly to the situation whe
the motion of atoms or molecules is treated in approxim
finite difference equations of Newtonian mechanics. Exc
when dealing with very light atoms and very low tempe
tures, the use of the classical MD method is well justifie
In MD simulation, the dynamic evolution of the system
governed by Newton’s classical equation of motio
d2RI /dt25FI52dV/dRI , which is derived from the
classical Hamiltonian of the system, H5SPI

2/2MI

1V( $RI%). The atomic forces are derived as analytic deriv
tives of the interaction energy functions,FI($RI%)5
2dV/dRI , and are used to construct Newton’s classi
equations of motion which are second-order ordinary diff
ential equations. In its global structure, a general MD co
typically implements an algorithm to find a numerical so
tion of a set of coupled first-order ordinary differential equ
tions given by the Hamiltonian formulation of Newton’s se
ond law @6#. The equations of motion are numerical
integrated forward in finite time steps using a predict
corrector method.

The MD code for carbon based systems involves anal
many-body force field functions such as Tersoff-Brenner@7#
potentials for C-C and C-H interactions@8#. The Tersoff-
Brenner potential is specially suited for carbon-based s
tems, such as diamond, graphite, fullerenes, and nanotu
and has been used in a wide variety of scenarios with res
in agreement with experimental observations. Curren
there is no universal analytic many-body force field functi
that works for all materials and in all scenarios. A ma
distinguishing feature of the Tersoff-Brenner potential
carbon-based systems is that short-range bonded interac
are reactive, so that chemical bonds can form and break
ing the course of a simulation. Therefore, compared to so
other molecular dynamics codes, the neighbor list describ
the environment of each atom includes only a few atoms
needs to be updated more frequently. The computational
of the many-body bonded interactions is relatively high co
pared to the cost of similar methods with non-reactive int
actions with simpler functional forms. As a result, the over
computational costs of both short-range interactions
long-range, non-bonding van der Waals~Lennard-Jones
6–12! interactions are roughly comparable. For large-sc
atomistic modeling (105– 108 atoms), multiple processor
are used for MD simulations, and the MD codes are gen
ally parallelized@9#.

In recent years, several more accurate quantum molec
dynamics schemes have been developed in which the fo
between atoms are computed at each time step via qua
mechanical calculations within the Born-Oppenheimer
op-
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proximation. The dynamic motions for ionic positions a
still governed by Newtonian or Hamiltonian mechanics a
described by molecular dynamics.

In the most general approach of full quantum mechan
description of materials, atoms are described as a collec
of quantum mechanical particles, nuclei, and electro
governed by the Schro¨dinger equation, HF@$RI ,r%#
5EtotF@$RI ,r%#, with the full quantum many-body Hamil
tonian operator H5SPI

2/2MI1SZIZJe
2/RIJ1Sp2/2me

1Se2/r2SZIe
2/uRI2r u, whereRI andr are nuclei and elec-

tron coordinates. Using the Born-Oppenheimer approxim
tion, the electronic degrees of freedom are assumed to fo
adiabatically the corresponding nuclear positions, and
nuclei coordinates become classical variables. With this
proximation, the full quantum many-body problem is r
duced to a quantum many-electron problemH@RI#C@r #
5EelC@r #, whereH5SPI

2/2MI1H@RI#.
In the intermediate regimes, for up to few thousand

oms, the tight-binding@10# molecular dynamics~TBMD! ap-
proach provides very good accuracy for both structural a
mechanical characteristics. The computational efficiency
the tight-binding method derives from the fact that the qu
tum Hamiltonian of the system can be parameterized. F
thermore, the electronic structure information can be ea
extracted from the tight-binding Hamiltonian, which in add
tion also contains the effects of angular forces in a natu
way. In a generalizednon-orthogonaltight-binding molecu-
lar dynamics ~TBMD! scheme, Menon and Subbaswam
have used a minimal number of adjustable parameters to
velop a transferable scheme applicable to clusters as we
bulk systems containing Si, C, B, N, and H@11,12#. The
main advantage of this approach is that it can be used to
an energy-minimized structure of a nanoscale system un
consideration without symmetry constraints.

Additionally, theab-initio or first principles method is a
simulation method to directly solve the complex quantu
many-body Schro¨dinger equation using numerical algorithm
@13#. An ab-initio method provides a more accurate descr
tion of quantum mechanical behavior of materials proper
even though the system size is currently limited to on
about few hundred atoms. Currentab-initio simulation meth-
ods are based on a rigorous mathematical foundation of
density functional theory~DFT! @14,15#. This is derived from
the fact that the ground state total electronic energy i
functional of the density of the system. Kohn and Sha
@14,15# have shown that the DFT can be reformulated a
single-electron problem with self-consistent effective pote
tial, including all the exchange-correlation effects of ele
tronics interactions:

H15p2/2me1VH~r !1XXC@r~r !#1Vion-el~r !,

H1c~r !5«c~r !, for all atoms

r~r !5Suc~r !u2.

This single-electron Schro¨dinger equation is known as th
Kohn-Sham equation, and the local density approximat
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~LDA ! has been introduced to approximate the unknown
fective exchange-correlation potential. This DFT-LD
method has been very successful in predicting mater
properties without using any experimental inputs other th
the identity of the constituent atoms.

For practical applications, the DFT-LDA method has be
implemented with a pseudopotential approximation an
plane wave~PW! basis expansion of single-electron wa
functions @13#. These approximations reduce the electro
structure problem to a self-consistent matrix diagonalizat
problem. One of the popular DFT simulation programs is
Vienna Ab intio Simulation Package~VASP!, which is avail-
able through a license agreement~VASP! @16#.

The three simulation methods described above each h
their own advantages and are suitable for studies for a va
of properties of material systems. MD simulations have
least computational cost, followed by Tight Bending me
ods. Ab initio methods are the most costly among the th
MD simulations can study systems with up to millions
atoms. With well-fitted empirical potentials, MD simulation
are quite suitable for studies of dynamical properties
large-scale systems, where the detailed electronic prope
of systems are not always necessary. While DFT meth
can provide highly accurate, self-consistent electronic str
tures, the high computational cost limits them to systems
to hundreds of atoms currently. To take the full capacity
DFT methods, a careful choice of an appropriate sized s
tem is recommended. Tight Binding methods lay in betwe
MD simulations and DFT methods, as to the computatio
cost and accuracy, and are applicable for systems up to t
sands of atoms. For moderate-sized systems, TB met
can provide quite accurate mechanical and electronic cha
teristics.

For computational nanomechanics of nanotubes, all th
simulation methods can be used in a complementary ma
to improve the computational accuracy and efficiency. Ba
on experimental observations or theoretical dynamic
structure simulations, the atomic structure of a nanosys
can first be investigated. After the nanoscale system confi
rations have been finalized, the functional behaviors of
system are investigated through staticab-initio electronic en-
ergy minimization schemes. We have covered this in deta
a recent review article focusing exclusively on computatio
nanotechnology@17#.

In the following, we describe nanomechanics of nan
tubes and nanotube-polymer composites, and compare
simulation results, where ever possible, with experimen
observations.

4 MODULUS OF NANOTUBES

The modulus of the nanotube is a measure of the stiffn
against small axial stretching and compression strains
well as non-axial bending and torsion strains on the na
tubes. The simulation results mainly pertain to the stiffn
of SWNTs, where as most of the experimental observati
available so far are either on MWNTs or ropes/bundles
nanotubes. For axial strains, SWNTs are expected to
stiffer than the MWNTs because of smaller radii of curvatu
ef-
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and relatively defect free structure. For non-axial strains s
as bending and torsion, the MWNTs are expected to be st
than the SWNTs. In this section, the axial, bending, and
sion moduli of SWNTs are described and compared w
experimental observations known so far.

4.1 Young’s modulus for axial deformations

As described above, single-wall carbon nanotubes have
bular structure that can be conceptualized by taking
graphene sheet, made of C atoms, and rolling into a l
tubular shape. Contributions to the strength and stiffnes
SWNTs come mainly from the strength of graphene in-pla
covalent C—C bonds. It is expected that modulus, streng
and stiffness of SWNTs should be comparable to the in-pl
modulus and strength of the graphene sheet. In the tub
shape, however, the elastic strain energies are affected b
intrinsic curvature of C—C bonds. Robertsonet al @18# have
found ~using both Tersoff and Tersoff-Brenner potentia!
that the elastic energy of a SWNT scales as 1/R2 , where R is
the radius of the tube. This is similar to the results dedu
from continuum elastic theory@19#. The elastic energy of
CNTs responding to a tensile stress in their study sugge
that SWNTs are very strong materials and that the streng
mainly due to the strong C—C sp2 bonds on the nanotube
The Young’s modulus of a SWNT isY5 (1/V)]2E/]«2 ,
where E is the strain energy andV is the volume of the
nanotube.

Initial computational studies@20#, using the same Tersoff
Brenner potential, reported the value of Young’s modulus
be as high as 5.5TPa. This was mainly due to a very sm
value of wall thickness~h;0.06 nm! used in these studies
Using an empirical force constant model, Lu@21# found that
the Young’s modulus of a SWNT is approximately 970GP
which is close to that of a graphite plane, and is independ
of tube diameter and chirality. Rubioet al @22# used a better
description for interatomic forces through a non-orthogo
tight-binding method and found the Young’s modulus to
approximately 1.2TPa, which is larger than that of graph
and is slightly dependent on the tube size especially for sm
diameter nanotubes~D,1.2 nm!. High surface curvature for
small diameter nanotubes tends to decrease the You
modulus. The Young’s modulus of a variety of carbon a
also non-carbon nanotubes as a function of tube diamete
Rabioet al’s studies is shown in Fig. 2. In both Lu and Rab
et al’s studies, the thickness of the nanotube wall was
sumed to be 0.34 nm~the van der Waals distances betwe
graphite planes!, and the computed modulus is within th
range of experimental observations, as will be discus
below.

Later on, using the ab initio density functional theo
~with pseudopotentials!, Rubioet al @23# have found that the
stiffness of SWNTs is close to that of the in-plane stiffness
graphite, and SWNTs made of carbon are strongest as c
pared with other non-carbon, such as boron-nitride~BN! or
BxCyNz, nanotubes known so far. The Young’s modulus
Multi Wall CNTs ~MWCNTs! and SWCNT ropes as a func
tion of tube diameters from Rabioet al’s study is shown in
Fig. 3.
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The calculated Young’s modulus from the above various
methods is summarized in Table 1. The different results from
various theoretical studies arise from the use of different
definitions of carbon nanotube wall thickness, or different
atomic interaction potentials. It has been suggested that by
investigating the value]2E/]«2 instead of Young’s modulus,
the ambiguity of thickness of the CNT wall can be avoided.

Using a non-orthogonal tight-binding molecular dynamics
method and the DFT method, we recently carried out@24#
axial compression of single-wall C and BN nanotubes and
have found Young’s modulus to be about 1.2TPa, we also
found that the modulus of a similar BN nanotube is about
80% of that of the carbon nanotube. These results are in
qualitative and quantitative agreement with Rubio’s DFT re-
sults and the general experimental observations known so
far.

There have been attempts to use continuum theory to de-
scribe the elastic properties of carbon nanotubes. The value
of the wall thickness of CNTs is usually required when ap-
plying a continuum elastic model, and it is not immediately

clear how to define wall-thickness for sys
single layer of atoms form the wall. There
use the value of]2E/]«2 instead of You
avoid the ambiguity in the definition of
nanotubes. Some recent studies by Ru@25# a
pendent variable as bending stiffness
avoid the parameter corresponding to th
together. However, in the description of
based models, the definition of wall thic
and needs to be consistent with the exp
well as those obtained from atomistic o
lecular dynamics simulations. According
the value of 0.34 nm for the wall thickne
carbon nanotube gives experimental and
based results of Young’s modulus that
ment with each other. This means that 0
ing to the van der Waal radius of a si

Table 1. Summary of Young’s modulus from various theoretical calculations used in different studies
„where Y is Young’s modulus andh is the wall thickness…

Method

Molecular dynamics
Tersoff-Brenner force
field †20‡

Empirical force
constant model†21‡

Non-orthogonal
tight-binding †22‡ Ab initio DFT †23‡

h 0.06 nm 0.34 nm 0.34 nm 0.34 nm
Y SWCNT: 5.5 TPa SWCNT: 0.97 TPa SWCNT: 1.2 TPa SWCNT rope:

0.8 TPa; MWCNT:
0.95 TPa

Table 2. Summary of Young’s modulus from various experimental studies„with definitions of Y and h
same as in Table 1…

Method
Thermal vibrations

†28‡
Restoring force
of bending †29‡

Thermalvibrations
†30‡

Deflection forces
†31‡

h 0.34 nm 0.34 nm 0.34 nm 0.34 nm
Y MWCNT: 1.861.4 TPa MWCNT: 1.2860.59 TPa SWCNT: 1.7 TPa SWCNT: 1.0 TPa
la-
lid
n.
lso
tems where onl
are suggestion

ng’s modulus to
wall thickness o
lso use an inde-
for nanotubes
e wall thickness
continuum theo

kness is importa
erimental result

r tight-binding m
to Tables 1 and
ss of a single-w
atomistic simula
are in broad ag
.34 nm, correspo
ngle C atom, is

C,

Fig. 3 Young’s modulus verse tube diameter for ab initio simu
tion. Open symbols for the multiwall CNT geometry and so
symbols for the single wall tube with crystalline-rope configuratio
The experimental value of the elastic modulus of graphite is a
shown@23#.
Fig. 2 Young’s modulus as a function of the tube diameter for
BN, BC3, BC2N from tight binding simulation@22#.
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reasonable assumption for the wall thickness for evalua
of Young’s modulus. A recent work by Harik@26# examines
the validity of using continuum elastic theory for nanotub
and suggests that small and large diameter nanotubes ne
be described with different approaches, such as a solid
model for small diameter nanotubes and a shell model
large diameter nanotubes. This is also consistent with u
0.34 nm for wall thickness, because thin nanotubes w
about 0.7 nm diameter would behave as a solid rod and
as a cylindrical shell, as was assumed earlier.

4.2 Bending stiffness and modulus

Besides axial strains discussed above, SWNTs have
been subjected to bending and torsional strains. The ben
stiffness of a SWNT is (1/L)d2E/dC2 , whereE is the total
strain energy,L is the length, andC is the curvature of the
bent nanotube, which is related with the bending angleu as
C5 u/L . From the elastic theory of bending of beams, t
strain energy of a bent nanotube can be expressed aE
50.5YhLrt2C2dl, whereY is the Young’s modulus of the
SWNT, andh is the thickness of the wall@27#. The integral is
taken around the circumference of the nanotube, andt is the
distance of atoms from the central line~or the bent axis! of
the tube. From this expression, the bending stiffnessK is
found to be equal toYh(pr 3), and scales as the cube of th
radius of the tube. Results from molecular dynamics simu
tions with the Tersoff-Brenner potential show that the st
ness K scales asR2.93 ~Fig. 4!, which is in good agreemen
with scaling predicted by the continuum elastic theory. T
corresponding bending Young’s modulus (YB) of SWNTs
with varied diameters can be calculated from the above eq
tion. For a small diameter SWNTYB is found to be about 0.9
TPa, smaller than the stretching Young’s modulus calcula
from the tight-binding method or first principle theory. Th
lid
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computed smaller value is also similar to what Roberts
et al @18# showed in their study of the elastic energy
SWNTs. The qualitative agreement is rather good. An ad
tional feature is that the bending Young’s modulus decrea
with the increase in tube diameter. This is mainly due
more favorable out-of-plane displacements of carbon ato
on a larger diameter tube, resulting in flattening of the tube
the middle section.

Poncharalet al @28# experimentally studied the bendin
Young’s modulus of MWNTs~diameter.10 nm! using elec-
trically induced force and have found that the bendi
Young’s modulus is decreased sharply with the increase
tube diameter~Fig. 5a!, which they have attributed to th
wave-like distortion of the MWNT, as shown in Fig. 5b.

At a large bending angle, SWNTs can buckle sidewa

D
as

rom

Fig. 5 a) Bending modulus as a function of tube diameter. So
circles are from Poncharalet al @28#; others are from other experi
ments as referred in Poncharalet al’s paper. The dropping in the
bending modulus is attributed to the onset of a wavelike distort
in lateral direction as shown inb). b) High–resolution TEM image
of a bent nanotube~Radius of curvature'400 nm), showing the
wavelike distortion and the magnified views@28#.
Fig. 4 Bending stiffness as a function of tube diameter from M
simulation with Tersoff-Brenner potential. The stiffness is scaled
D2.93, closed to the cubic dependence on diameter D predicted f
continuum elastic theory.
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similarly to a macroscopic rod, at which non-uniform stra
is induced. Shown in Fig. 6a and b are the images from a
high-resolution electron microscope@29# of the buckling of
bent SWNT and MWCNT. Such buckling at large bendi
angle is closely related with buckling of a SWNT under ax
compression stress, which will be discussed later.

4.3 Torsion stiffness and modulus

The torsion stiffness of a CNT isK5 (1/L)d2E/du2 , where
E is the total strain energy andu is the torsion angle. The
shear strain is related with torsion angle as«5 Ru/L , where
R is the radius of tube, andL is its length. From continuum
elastic theory, the total strain energy of a cylinder can
written asE5 1

2G***«2dV, whereG is shear modulus of
the tube. The torsion stiffness thus is related withG as K
5 (1/L)d2E/du2 5G(2ph) R3/L2 , whereh is the thickness
of the wall of the nanotube. In Fig. 7, we show our recen
computed values of the torsion stiffness of several armc
and zigzag carbon nanotubes using the Tersoff-Brenner
tential. The dependence of the torsion stiffness on the ra
of tube is found to be asK}R3.01 ~for tube diameter
.0.8 nm!. This is in excellent agreement with the predictio
of cubic dependence from the continuum elastic theory.

The shear modulus of CNTs is found to be around 0.3 T
and is not strongly dependent on diameters~for D
.0.8 nm). This value is smaller than that of about 0.45 T
in Lu’s study @20#, calculated with an empirical force con
stant model. For small diameter tubes, such as a~5,5! nano-
tube, the shear modulus deviates away from the continu
elastic theory description.

4.4 Experimental status: Modulus of carbon nanotubes

The high stiffness of carbon nanotubes has been verified
several experiments. Treacyet al @30# studied Young’s
modulus of MWNTs by measuring the thermal vibration
and Y was found to be about~1.861.4! TPa. Later research
by Wonget al @31# on MWCNT found the Young’s modulus
to be about~1.2860.59! TPa by measuring the restorin
force of bent nanotubes. Krishnanet al @32# conducted a
study on the stiffness of single-walled nanotubes and h
found the average Young’s modulus to be approximat
1.25 TPa. This is close to the experimental results obtai
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by Salvetatet al @33#, where Y was found to be about 1 TP
The measured Young’s modulus from these various meth
is summarized in Table 2.

5 PLASTIC DEFORMATION
AND YIELDING OF NANOTUBES

Nanotubes under large strain go through two kinds of str
tural changes. First, early simulations by Yakobsonet al @20#
showed that under axial compression, nanotubes exh
structural instabilities resulting in sideways buckling, but t
deformed structure remains within the elastic limit. Seco
under large strains, bonding rearrangements or transitions
cur giving rise to permanent damage, plastic deformation
yielding of nanotubes. In this section, we discuss the pla
deformation and failure of nanotubes under large axial co
pression and tensile strains. Critical dependence of the yi
ing of nanotubes on the applied strain-rate and the kin
temperature of the simulation are also discussed throug
model that shows that nanotubes may typically yield with
5–10% tensile strain at room temperature. This finding is
good agreement with the experimental observations on
breaking and yielding of MWNTs and the ropes or bund
of SWNTs.

5.1 Plastic deformation under compressive strain

Yakobsonet al @20# found that SWNTs form non-uniform
fin-like structures under large compressive strain~Fig. 8!.
The sideways displacement or buckling of tubes occurs,
larger strain, and contributes towards the relief of strain
ergy from the fin-like structures, but the tubes remain sup
elastic for more than 20% compressive strains. Experime
have observed a sideways buckling feature in compres
multi-wall nanotubes in polymer composite materials@34#.
Another mode of plastic deformation of compressed t
nanotubes is also observed in the same experiments@34#; ie,
the tubes remain essentially straight, but the structure
lapses locally as shown in Fig. 9.

Srivastavaet al @35# used a tight-binding molecular dy
namics method and have found that within the Euler bu
ling length limitation, an~8,0! carbon nanotube collapse
locally at 12% compressive strain. The local plastic collap
is due to a graphitic (sp2) to diamond-like (sp3) bonding
Shown
Fig. 6 HREM images of kink structures formed in bent CNTs. Shown on left is a single kink in a SWCNT with diameter 1.2nm;
on right is a kink on a MWCNT with diameter 8 nm@29#.
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transition at the location of the collapse and the release
excess strain in the remaining uncollapsed section. The
leased strain in the uncollapsed section drives the local
lapse with a compressive pressure as high as 150 GPa a
location of the collapse~Fig. 10!.

Srivastavaet al @24# have also studied the influence
changes in the chemical nature on the nanomechanics
the plasticity of nanotubes. For example, this is done
considering the structure, stiffness, and plasticity of bor
nitride ~BN! nanotubes. The results for Young’s modulus
BN nanotubes have been discussed above. It turns out
BN nanotubes are only slightly less stiff~80–90%! as com-
pared to their carbon equivalent. The tight-binding MD a
o

ing

ed
of
re-
ol-
t the

f
and
by
n-

of
that

nd

Fig. 8 a) The strain energy of a compressed 6 nm long~7,7! CNT,
from Tersoff-Brenner potential, has four singularities correspond
to the buckled structures with shapes shown inb to e. The CNT is
elastic up to 15% compression strain despite of the highly deform
structures. The MD study was conducted at T50 K @20#.
r a
ff-
Fig. 7 The torsion stiffness as a function of tube diameter fo
series of zigzag and armchair SWNTs calculated with Ters
Brenner potential. The stiffness is scaled asD3.01 for D.0.8 nm, in
agreement with the prediction from continuum elastic theory.
s shown
Fig. 9 TEM image of fractured multiwalled carbon nanotubes under compression within a polymeric film. The enlarged image i
on right @52#.
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ab-initio total energy simulations further show that, due
BN bond rotation effect, BN nanotubes show anisotropic
sponse to axial strains. For example, Fig. 11 shows spo
neous anisotropic plastic collapse of a BN nanotube that
been compressed at both ends, but strain release is sho
be more favorable towards nitride atoms in the rotated
bonds. This results in the anisotropic buckling of the tu
towards one end when uniformly compressed at both en
ion.
cts
no-
to
re-
nta-
has
n to
N

be
s.

5.2 Plastic deformation under tensile strain

For the case of tensile strain, Nardelliet al @36,37# have
studied the formation of Stone-Wales~SW! bond rotation
induced defects as causing the plastic deformation of na
tubes. This mechanism is explained by formation
heptagon-pentagon pair~5775! defects in the walls of nano
tubes~Fig. 12!. The formation energy of such defects is d
creased with the applied strain and is also dependent on
diameter and chirality of the nanotube under considerat
At high temperatures, plastic flow of the thus-formed defe
occurs, and that can even change the chirality of the na
25%
r

-
ube,
e-
oss

rm-
ano-
Fig. 10 Shown on top froma to d are four stages of spontaneou
plastic collapse of the 12% compressed~8,0! CNT, with diamond
like structures formed at the location of the collapse@35#.
s

Fig. 11 Five stages of spontaneous plastic collapse of the 14.
compressed~8,0! BN nanotube.a! Nucleation of deformations nea
the two ends,b-d anisotropic strain release in the central com
pressed section and plastic buckling near the right end of the t
ande) the final anisotropically buckled structure where all the d
formation is transferred toward the right end of the tube. The cr
section of each structure is shown on right.

Fig. 12 The Stone Wales bond rotation on a zigzag and an a
chair CNT, resulting pentagon-heptagon pairs, can lengthen a n
tube, with the greatest lengthening for an armchair tube@38#.
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tube ~Fig. 13!. On further stretch, the plastic flow and in
creased formations of more such defects continue until ne
ing and breaking of the nanotube occurs. Zhanget al @38#
have also examined the plastic deformations of SWNTs
duced by the Stone-Wales dislocations under tensile str
and they have found that the SW defects can release
strain energy in the system. Zhanget al note that SW defects
form more favorably on an armchair nanotube than on
zigzag nanotube because the rotation of the C—C bond can
compensate for more tensile strain along the axis in
former case.

5.3 Strain-rate and temperature dependence
of yielding of nanotubes

In all the simulations and discussions so far, no depende
of the failure or yielding of nanotubes on the rate of t
applied strain or the temperature of the system has been m
tioned. This is because all of the above results were ei
obtained with theab-initio or tight binding static total energy
calculations or with MD simulations at much higher stra
rates~than ever possible in experiments!, where barriers to
collapse would beartificially higher. In reality, it is expected
that barrier to collapse and yielding strain at experimenta
realizable strain rates and at room temperatures may
lower than the simulation values reported so far. The yield
or failure of SWNTs in different scenarios depends on
formation of defects discussed above. Classical MD simu
tions report values@39# as high as 30% yielding strain unde
tensile stretch and above 20% under compression@20#. Due
to the limitations in the time scales of the phenomenon t
can be simulated with MD, the nanotubes were typica
strained at 1/ns at 300–600 K. The experiments so far s
gest much lower yielding strains for nanotubes. Walterset al
@40# have studied the SWNT rope under large tensile str
and observed the maximum strain to be 5.860.9% before
yielding occurs. Yuet al @41# have found similar breaking
strain ~5.3% or lower! for different SWNT rope sample
~Fig. 14a!. Similar measurements on MWNTs by Yuet al
@42# show breaking strain to be about 12% or lower~the
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lowest one is 2% in their experiments! ~Fig. 14b!. The re-
ported lower yielding strains in experiments could be par
due to tube defects in the SWNT ropes, or could be due
the much~orders of magnitude! lower rates at which strain
can be applied in experiments.

The breaking, collapse, or yielding of the nanotubes
clearly a temperature and strain-rate-dependent phenom
and a model needs to be developed to relate the repo
much higher yielding strain from simulation studies to the
far observed lower yielding strain in experiments. Weiet al
@43,44# have recently developed a transition-state the
based model for deducing strain rate and temperature de
dence of the yielding strain as simulated in MD studies. A
cording to the Arrhenius formula, the transition time for
system to go from the pre-yielding state to another~post
yielding! state is dependent on the temperatures
t5 (1/n)eEn /KT, whereEn is the activation energy andn is
the effective vibration frequency or attempts for the tran
tion. For a system with strain«, the activation barrier is
lowered asEn5En

02kV«, wherek is the force constant, and
V is the activation volume. At higher temperatures, therefo
a system has larger kinetic energy to overcome the ba

sile

the

Fig. 14 Top: Eight stress versus strain curves obtained from
tensile-loading experiments on individual SWCNT ropes. T
Young’s modulus is ranged from 320GPa to 1470 GPa. The bre
ing strain was found at 5.3% or lower@41#. Bottom: Plot of stress
versus strain curves for individual MWCNTs. The Young’s modul
is ranged form 270GPa to 950 GPa, with breaking strain aro
12% ~one sample showed a 3% breaking strain! @42#.
Fig. 13 A heptagon-pentagon pair appeared on a 10% ten
strain ~10,10! CNT at T52000 K. Plastic flow behavior of the
Pentagon-heptagon pairs after 2.5ns at T53000 K on a 3% tensile
strained CNT. The shaded region indicates the migration path of
~5-7! edge dislocation@36#.
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between the pre-yielding and post-yielding states, and
transition time is shortened. Similarly, the lower strain rate
each step allows the system to find an alternative minim
energy path, thus again lowering the effective barrier hei
separating the pre- and post-yielding states.

For example, yielding strain of a 6nm long~10,0! SWNT
at several temperature and strain rate varying betw
1023/ps to 1025/ps, is shown in Fig. 15. Yielding strains
are found to be 15% at low temperature and 5% at h
temperature at about 1025/ps strain rate. Stone-Wales rota
tions are found to first appear before necking, resulting
heptagon and pentagon pairs, which provide the cores
formations of larger rings, and further resulting in the brea
ings of the nanotubes~Fig. 16!. Detailed analysis@43,44#
shows that the complex dependence on the temperature
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the strain rate with transition state theory~TST! can be ex-
pressed as«Y5Ēn /YV1(KT/YV)ln(N«̇/nsite«̇0), where Ēn

is the averaged barrier for the yielding initiating defect,N is
the number of processes involved in the breaking of the tu
Y is Young’s modulus,nsite is the number of sites availabl
for yielding, which is dependent on the structural details, a
«̇0 is a constant related to the vibration frequency of C—C
bonds. For a more realistic strain rate such as 1%/hr,
yielding strain of the 6nm long~10,0! CNT can be estimated
to be around 11%. A longer CNT will have a smaller yieldin
strain, as more sites are available for defects. The differe
between the yielding strain of a nanometer long CNT and
a micron long CNT can be around 2% according to the ab
expression for the yielding strain@43,44#. The advantage of
such a model is that one could directly compute the acti
tion energy for yielding defect formation and get the yieldi
strain from the developed model. Within error bars on t
known activation energies computed so far, our model is
very good agreement with experimental observations.

On the other hand, under compressive strain, as descr
above, Srivastavaet al @35# showed that CNT collapses wit
the graphitic to diamond-like bonding transition at the loc
tion of the collapse. Another observation is the formation
non-uniform fin-like structures by Yakobsonet al @20# that
leads to sideways Euler buckling of the tube, and
diamond-like bonds or defects would form within the stru
ture. Recent MD studies at finite temperatures@45# give dif-
ferent results. Using the same Tersoff-Brenner potentia
MD studies, Weiet al @45# show that, with thermal activa
tion, nanotubes under compressive strain can form b
diamond-like bonds and SW-like dislocation defects at h
temperatures~Fig. 17! @45#. Similar analysis of nanotube
under compressive strain therefore, is more complicated
Fig. 15 The yielding strain of a 6nm long~10,0! CNT is plotted as
functions of strain rate and temperature. Stone-Wales bond rotat
appear first resulting in heptagon and pentagon ring; then large
rings generated around such defects followed by the necking of
CNT; and the CNT is broken shortly after~from MD simulations
with Tersoff-Brenner potential!.
f the
ions
r C
the

ing

00K,
Fig. 17 A 12% compressed~10,0! CNT at T51600 K. A Stone-
Wales dislocation defect can be seen at the upper section o
CNT. Several sp3 bonds formed in the buckled region~from MD
simulation with Tersoff-Brenner potential!.
Fig. 16 Left: A 9% tensile strained~5,5! CNT with numerous
Stone-Wales bond rotation defects at 2400K, and the follow
breaking of the tube. Right: An 11.5% tensile strained~10,0! with a
group of pentagon and heptagon centered by an octagon at 16
and the following breaking of the tube~from MD simulation with
Tersoff-Brenner potential!.
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currently underway because sideways buckling can occur
fore tube yields with SW dislocation or diamond-like defe
formation.

6 STRUCTURE AND MECHANICS
OF NANOTUBE COMPOSITES

As discussed above, the strong in-plane graphitic C—C
bonds make defect free SWNTs and MWNTs exceptiona
strong and stiff against axial strains and very flexible aga
non-axial strains. Additionally, nanotubes also have v
good electrical and thermal conduction capabilities. Ma
applications, therefore, are proposed for nanotubes as a
tive fibers in lightweight multi-functional composite mater
als. Several recent experiments on the preparation and c
acterization of nanotube-polymer composite materials h
also appeared@46–48#. These measurements suggest mod
enhancement in strength characteristics of CNT-embed
polymer matrices as compared to the bare polymer matri
Vigolo et al @46# have been able to condense nanotubes
the flow of a polymer solution to form nanotube ribbons
well. These ribbons can be greatly bent without breaking
have Young’s modulus that is an order of magnitude lar
than that of the bucky paper. In the following, we discu
structural, thermal and mechanical implications of add
SWNTs to polyethylene polymer samples.

6.1 Structural and thermal behavior
of nanotube-polyethylene composites

Thermal properties of polymeric materials are importa
from both processing and applications perspectives. A
function of temperature, polymeric materials go throu
structural transformation from solid to rubbery to liqu
states. Many intermediate processing steps are done in
liquid or rubber-like state before the materials are coo
down to below glass transition temperature for the fina
needed structural application. Besides the melting proces
high temperatureTm , like other solid materials, the struc
tural and dynamic behavior of polymeric material above a
below glass transition temperatureTg is important to inves-
tigate. BelowTg the conformations of polymer chains a
frozen, when polymers are in a solid glassy state, and
betweenTg andTm polymers are in a rubber-like state wit
viscous behavior. Preliminary experimental and simulat
studies on the thermal properties of individual nanotu
show very high thermal conductivity of SWNTs@49#. It is
expected, therefore, that nanotube reinforcement in p
meric materials may also significantly change the therm
and structural properties as well.

Atomistic MD simulation studies of the thermal and stru
tural properties of a nanotube-polyethylene composites h
been attempted recently@50#. Polyethylene is a linear chai
molecule withCH2 as the repeating unit in the chain. Th
density as a function of temperature for a pure polyethyl
system~a short chain system with 10 repeating units in ea
polymer, with 50 polyethylene chains in the simulatio
sample! and a nanotube-polyethylene composite system w
about 8% volume ratio capped nanotubes in the mixtur
shown in Fig. 18. Both systems show discontinuity in t
be-
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slope of the density-temperature curve. The discontinui
represent glass transition temperatures in the two cases.
features are apparent in the figure. First, the glass trans
temperature of the composite system has increased
higher value than that of the pure polyethylene system. S
ond, above glass transition temperature in both the cases
density as a function of temperature in the composite c
decreases at a much faster rate than the decrease in the
polyethylene system case. This means that the volume t
mal expansion coefficient of the composite has increased
larger value above glass transition temperature. The volu
thermal expansion coefficient for the composite syst
above glass transition temperature is found to be
31024 K21, which is 40% larger than that of the pure pol
ethylene system aboveTg . The increase in the thermal ex
pansion coefficient due to mixing of SWNTs in the polym
sample is attributed to the increased excluded volume du
thermal motions of the nanotubes in the sample. In the sa
simulations, we also found that, above glass transition te
perature, the self-diffusion coefficient of the polymer mo
ecules in the composite increases as much as 30% abov
pure polyethylene sample values. The increase in the d
sion coefficient is larger along the axis of the added nanot
fibers and could help during the processing steps due to
ter flow of the material above glass transition temperatur

6.2 Mechanical behavior of
nanotube-polyethylene composites

Using fibers to improve the mechanical performance o
composite material is a very common practice, and the
lated technology has been commercialized for quite so
time. Commonly used fibers are glass, carbon black, or o

Fig. 18 Density as a function of temperature for a polyethyle
system~50 chains withNp510), and a CNT-polyethylene compos
ite ~2nm long capped~10,0! CNT! The CNT composite has an
increase of thermal expansion aboveTg . ~From a MD simulation
with Van der Waals potential between CNT and matrix. Dihed
angle potential and torsion potential were used for the polyethyl
matrix, and Tersoff-Brenner potential was used for carbon atom
the CNT.!
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ceramics. These not only can add structural strength to
terials but also can add desired functionality in thermal a
electrical behavior. The structural strength characteristic
such composite materials depend on the mechanical
transfer from the matrix to the fiber and the yielding of t
coupling between the two. Mechanical load from matrix
the fibers in a composite is transferred through the coup
between the two. In some cases, the coupling is thro
chemical interfacial bonds, which can be covalent or n
covalent in nature, while in other one the coupling could
purely physical in nature through non-bonded van der Wa
~VDW! interactions. Covalently coupled matrix and fibe
are strongly interacting systems, while VDW coupled s
tems are weakly interacting systems, but occur in a w
variety of cases. The aspect ratio of fiber, which is defined
L/D ~L is the length of the fiber, and D is the diameter!, is
also an important parameter for the efficiency of load tra
fers because the larger surface area of the fiber is bette
larger load transfer. It is expected, therefore, that the emb
ded fibers would reach their maximum strength under ten
load only when the aspect ratio is large. The limiting value
the aspect ratio is found to be related to the interfacial sh
stresst as L/D.smax/2t, where smax is the maximum
strength of the fiber. Recent experiments on MWNTs
SWNT ropes@41,42# have reported the strength of the nan
tubes to be in the range of 50GPa. With a typical value
50MPa for the interfacial shear stress between the nano
and the polymer matrix, the limiting value of the aspect ra
is 500:1. Therefore, for an optimum load transfer with
MWNT of 10nm diameter, the nanotube should be at le
5mm long, which is in the range of the length of nanotub
typically investigated in experiments on nanotube reinforc
composites.

Earlier studies of the mechanical properties of the co
posites with macroscopic fibers are usually based on c
tinuum media theory. Young’s modulus of a composite
expected to be within a lower bound of 1/Ycomp

5 Vf iber /Yf iber 1 Vmatrix /Ymatrix and an upper bound o
Ycomp5Vf iberYf iber1VmatrixYmatrix , where Vf iber and
Vmatrix are the volume ratios of the fiber and the matr
respectively. The upper bound obeys the linear mixing ru
which is followed when the fibers are continuous and
bonding between fibers and the matrix is perfect, ie, the
bedded fibers are strained by the same amount as the m
molecules. The lower bound is reached for the case of
ticulate filler composites because the aspect ratio is clos
one. For a nanotube fiber composite, therefore, an up
limit can be reached if the nanotubes are long enough and
bonding with the matrix is perfect. Additionally, short nan
tubes, with Poisson’s ratio of about 0.1–0.2, are much ha
material as compared to the polymer molecules with P
son’s ratio of about 0.44. Therefore, as a nanotube contai
polymer matrix is stretched under tensile strain there i
resistance to the compression pressure perpendicularly t
axis of the tube. For the short, but hard nanotubes and
polymer matrix mixture, this provides additional mechanis
of load transfer that is not possible in other systems.

An MD simulation of the mechanical properties of a com
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posite sample was recently performed with short nanotu
embedded in a short-chained polyethylene system at 50K
temperature below glass transition temperature. The coup
at the interface was through non-bonded van der Waals
teractions. Shown in Fig. 19 is the stress-strain curve
both the composite system and the pure polyethylene ma
system. Young’s modulus of the composite is found to
1900MPa, which is about 30% larger than that of the pu
polymer matrix system. This enhancement is within the u
per and lower bound limits discussed above. We have fou
that further enhancement of Young’s modulus of the sa
sample can be achieved by carrying the system through
peated cycles of the loading-unloading of the tensile str
on the composite matrix. In agreement with the experimen
observation, this tends to align the polymer molecules w
the nanotube fibers, causing a better load transfer betw
the two. Franklandet al @51# have studied the load transfe
between polymer matrix and SWNTs and have found t
there was no permanent stress transfer for 100nm l
~10,10! CNTs within polyethylene if only van der Waals in
teraction is present. In the study, they estimated that the
terfacial stress could be 70MPa with chemical bonding b
tween SWCNT and polymer matrix, while only 5MP for th
nonbonding case.

6.3 Experimental status

Using nanotubes as reinforcing fibers in composite mater
is still a developing field from theoretical and experimen
perspectives. Several experiments regarding the mechan
properties of nanotube-polymer composite materials h
been reported recently. Wagneret al @52# experimentally
studied the fragmentation of MWNTs within thin polymeri
films ~urethane/diacrylate oligomer EBECRYL 4858! under
compressive and tensile strain. They have found t
nanotube-polymer interfacial shear stresst is of the order of

Fig. 19 Plot of the stress versus strain curve for pure polyethyl
matrix and CNT composite~8 vol%! at small strain region (T
550 K). Young’s modulus is increased 30% for the compos
~from MD simulation!.
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500MPa, which is much larger than that of conventional
bers with polymer matrix. This has suggested the possib
of chemical bonding between the nanotubes and the poly
in their composites. The nature of the bonding, however
not clearly known. Later, Lourieet al @53# examined the
fragmentation of single-walled CNT within the epoxy res
under tensile stress. Their experiment also suggested a
bonding between the nanotube and the polymer in
sample. Schadleret al @47# have studied the mechanic
properties of 5%~by weight! MWNTs within epoxy matrix
by measuring the Raman peak shift when the composites
under compression and under tension. A large Raman p
shift is observed for the case of compression, while the s
in the case of tension is not significant. The tensile modu
of the composites is found to enhance much less as c
pared to the enhancement in the compression modulus o
similar system. Schadleret al have attributed the differences
between the tensile and compression strain cases, to the
ing of inner shells of the MWNTs when a tensile stress
applied. In cases of SWNT polymer composites, the poss
sliding of individual tubes in the SWCNT rope, which
bonded by van der Waals forces, may also reduce the
ciency of load transfer. It is suggested that for the SW
rope case, interlocking using polymer molecules might bo
the SWCNT rope more strongly. Andrewset al @48# have
also studied composites of 5%~by weight! of SWNT embed-
ded in petroleum pitch matrix, and their measurements sh
an enhancement of Young’s modulus of the composite un
tensile stress. Qianet al’s measurement of a 1% MWNT
polystyrene composite under tensile stress also shows a
increase of Young’s modulus compared with the pure po
mer system@54#. The possible sliding of inner shells i
MWCT and of individual tubes in a SWNT rope was n
discussed in these later two studies. There are, at presen
experiments available for SWNT-polymer composites
compare our simulated values with the experimental ob
vations. However, if it is assumed that polymer matrix ess
tially bonds only to the outer shell of a MWNT embedded
a matrix, the above simulation findings could be qualitativ
compared with experiments. This issue needs to be con
ered in more detail before any direct comparison is m
between theory/simulations and experimental observatio

7 COMMENTS

Nanomechanics of single-wall carbon nanotubes have b
discussed from a perspective of their applications in car
nanotube reinforced composite materials. It is clear that
single-wall carbon nanotubes, a general convergence
started to emerge between the simulated Young’s mod
values and the values observed in experiments so
Young’s modulus is slightly larger than 1TPa, and tubes
withstand about 5–10% axial strains before yielding, wh
corresponds to a stress of about 50 GPa before nanot
yield. Bending and torsional modulus and stiffness have a
been computed, but no comparison with experiments
available so far. Real progress is made in coming up wit
transition state theory based model of the yielding of SWN
under tensile stress. The yielding is identified as a bar
fi-
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dependent transition between the pre- and post-yielding c
figurations. The model, within the error bars of the compu
activation barrier, correctly predicts that under tensile str
at realistic~experimentally realizable! strain rates, yield oc-
curs at about 5–10% applied strain, but not at high yield
strains of 20–30% as was predicted in the earlier MD sim
lations. Preliminary results of the structural, thermal, a
mechanical characterization of nanotube polymer compos
have been obtained and show that important characteri
such as thermal expansion and diffusion coefficients from
processing and applications perspective can be simulate
computational design of nanotube composite materi
These simulations illustrate the large potential of compu
tional nanotechnology based investigations. For larger s
tem sizes and realistic interface between nanotubes and p
mer, the simulation techniques and underlying multi-sc
simulations and modeling algorithms need to be develo
and improved significantly before high fidelity simulation
can be attempted in the near future.
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